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Abstract Co2? (1–5 and 10 %)-doped cadmium sulfide
nanoparticles were synthesized by the chemical precipita-
tion method using polyvinyl pyrrolidone (PVP) as a sur-
factant. The X-ray diffraction results showed that Co ions
were successfully incorporated into the CdS lattice and the
transmission electron microscopy results revealed that the
synthesized particles were aligned as rod-like structures.
The absorption spectra of all the prepared samples
(undoped and doped) were significantly blue shifted
(472–504 nm) from the bulk CdS (512 nm). However, the
absorption spectra of the doped samples were red shifted
(408–504 nm) with respect to the doping concentrations
(1–5 and 10 %). Furthermore, a dramatic blue shift
absorption is observed at 472 nm for PVP-capped
CdS:Co2? (4 %) nanoparticles. In the photoluminescence
study, two emission peaks were dominated in the green
region at 529 and 545 nm corresponding the CdS:Co2?
nanoparticles. By correlating optical and EPR spectral data,
the site symmetry of Co2? ion in the host lattice was
determined as both octahedral and tetrahedral. The pre-
sence of functional groups in the synthesized nanoparticles
was identified by Fourier transform infrared spectroscopy.
The thermal stability of the Co ions in CdS nanoparticles
was studied by TG–DTA. In addition, an electrochemical
property of the undoped and doped samples was studied by
cyclic voltammetry for electrode applications.
Keywords CdS:Co2?  Nanoparticles 
Photoluminescence  Cyclic voltammetry  EPR
Introduction
In recent years, semiconductor nanoparticles exhibit spe-
cific properties due to the quantum confinement effects, as
a consequence of their size in nanometric range and the
special luminescent properties caused by widening the
band gap when the spatial dimension is reduced (Brus
1986; Rossetti et al. 1985; Hu and Zhang. 2006). Due to the
quantum size effect, semiconductor nanoparticles, espe-
cially the II–VI semiconductor nanoparticles, exhibit size-
dependent optical properties (Alivisatos 1996). CdS is an
n-type semiconductor with a direct band gap of 2.4 eV.
Cadmium sulfide can be used as sensitizers in quantum dot-
sensitized solar cells. It also has application in nonlinear
optics (Liu et al. 2004), light-emitting diodes (Gopal et al.
2009; Kar and Chaudhuri 2006), solar energy conversion
(Weller 2003), thin film transistors (Duan et al. 2003), gas
detectors (Afify and Battisha 2000), optoelectronics (Hik-
met et al. 2003), photo catalysis (Huynh et al. 2002),
photovoltaic cells (Uda et al. 1997), X-ray detectors (Fre-
richs 1950) and as a window material for hetero-junction
solar cells because it has usually a high absorption coeffi-
cient (Oladeji et al. 2000). Doping with transition metal
elements into CdS nanoparticles leads to many interests.
Especially, transition metal doped with CdS nanoparticles
with good crystal structural, electrical and optical proper-
ties has been reported. The optical and electrical properties
of CdS are strongly modified by the doping of Co2?
because of the sp–d exchange interaction between the
localized d electrons of the transition metal magnetic ions
and the mobile carriers in the valance band or conduction
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band. Among the transition metallic elements, Co2? is an
important transition metal element. Because, the ion radius
of Co2? is smaller than that of Cd2?, which means that
Co2? can easily penetrate into CdS crystal lattice or sub-
stitute Cd2? position in crystal (Sathyamoorthy et al.
2010). Currently, tuning the optical absorption of the
semiconductor compound by adding dopant is an important
issue. In this regard we have successfully doped the Co
ions into the CdS lattice for tuning their optical properties
for solar cell applications. Further, we tuned the optical
absorption of the doped nanoparticles by introducing with
different concentrations of the Co2? (1–5, 10 %).
Chemical precipitation method is one of the most pop-
ular techniques that are used in industrial applications
because of the cheap raw materials, easy handling and
large-scale production (Souici et al. 2006). Recently, sev-
eral methods have been developed to cap the surfaces of
the nanoparticles with organic or inorganic groups, so that
the nanoparticles not only are stable against agglomeration
but also improve some optical properties of the nanopar-
ticles. Some particular passivators used as PVA (Khanna
et al. 2005), PAN (Meng et al. 2000), PVP (Wang et al.
2005a, b), and PAA (Xiao et al. 2001) have been investi-
gated. In this research work, polyvinyl pyrrolidone (PVP)
is used as a capping agent for synthesis of the Co-doped
CdS nanoparticles by chemical method. The polymers may
be a good choice as stabilizers as they can interact with the
metal ions by complex or ion-pair formation and can be




Cadmium acetate (Cd (CH3COO)22H2O), cobalt acetate
(Co (CH3COO)24H2O) and sodium sulfide (Na2SxH2O)
obtained from the Nice chemical company, India were used
as precursors. Polyvinylpyrrolidone (PVP––40,000) was
received from Aldrich. All chemicals were used as
received. Ultrapure water and acetone were used for all
dilution and sample preparation.
Synthesis of Co-doped CdS nanoparticles
Cobalt-doped CdS nanoparticles have been synthesized by
the aqueous chemical precipitation method. 0.1 M aqueous
solution of cadmium acetate dihydrate (Cd
(CH3COO)22H2O) and cobalt acetate tetrahydrate (Co
(CH3COO)24H2O)) was prepared with deionized water.
These two solutions were mixed together and stirred
magnetically at 80 C until a homogeneous solution was
obtained. The 0.1 M of sodium sulfide (Na2S) solution was
also prepared with deionized water with the precursor ratio
of 1:1. After an hour, aqueous solution of Na2S was added
dropwise into the mixed solution of cadmium acetate and
cobalt acetate at room temperature, which resulted in an
orange yellowish solution of Co:CdS. The solution was
then refluxed with constant stirring at 120 C for 30 min to
attain saturation, which contains Co:CdS nanoparticles.
The solution, after attaining the room temperature was
added with small quantities of acetone with stirring to
precipitate the nanoparticles. It was dried in hot air oven at
80 C for 2 h. Co2?-doped CdS nanoparticles with six
different Co2? concentrations (1, 2, 3, 4, 5 and 10 %) were
prepared by the same procedure. In addition, for synthesis
of surfactant (PVP)-capped particles different amounts
(0.5–2.5 g) of PVP were added in cadmium acetate solu-
tion before the addition of cobalt acetate.
Techniques
The synthesized samples were then subjected to powder
X-ray diffraction (XRD) analysis for structural character-
ization using X’pert PRO diffractometer with CuKa radi-
ation (k = 1.5406 A˚) in the range of 20–60 (2h) at a
scanning rate of 0.05 min-1. The infrared spectra of the
nanoparticles were recorded at room temperature using
NICOLET AVATAR 3330 FT-IR spectrometer by
employing a KBr pellet technique. Optical absorption was
studied using a Cary 500 UV–Visible diffuse reflectance
mode spectrophotometer and luminescence properties were
studied by fluorescence spectroscopy using Cary-Eclipse
spectrometer with Xenon lamp source of 450 W. Crystal-
linity and size of the synthesized samples were studied by
transmission electron microscope using 100 kV HITACHI
(Japan) H-7650. Electron spin resonance (ESR) spectrum
of the CdS:Co2? powder was measured on an EPR spec-
trometer (Bruker EMX Plus), (9.859 GHz/0.6325 mW) at
room temperature. Electrochemical measurements were
performed using a CHI 660D Biologic instrument. The
electrochemical properties of undoped and Co-doped CdS
nanoparticles were studied by cyclic voltammetry. Three
electrode systems were used consisting of glassy carbon
electrode (GCE) with geometric surface area 7.1 mm2, Ag/
AgCl reference electrode (Ag/AgCl3 mol L
-1 KCl) and Pt
counter electrode. The working electrodes were prepared
by coating a slurry containing a mixture of the active
material (80 wt%), nafion 117 solution (20 wt%). The
coated mesh was dried at 80 C in vacuum cabinet over-
night. The Ag/AgCl electrode with CdS and CdS:Co
nanoparticles grown on the surface was characterized by
electrochemical measurements. Cyclic voltammetry (CV)
measurements were carried out at a scan rate of
20 mV s-1. Thermal analysis including TGA and DTA
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was carried out using a simultaneous thermal analyzer SDT
Q600 V8.3 Build 101 at the heating rate of 20 C min-1 in
an air atmosphere.
Results and discussion
X-ray powder diffraction analysis
X-ray powder diffraction pattern of the synthesized nano-
particles (Fig. 1a–g) shows a perfect match with the cubic
zinc blende phase of CdS (hawleyite) (JCPDS 10-454). The
peaks can be indexed as (111), (220) and (311) which are
characteristic peaks of crystal planes for CdS cubic phase.
The diffraction pattern for (111) peak position shows a
shift towards higher angle of 2h (lower d value) with
increasing cobalt concentration. This clearly implies the
lattice compression and thus confirming the dopant incor-
poration in the synthesized CdS NPs (Hanif et al. 2002;
Saravanan et al. 2011). Further the widths of the diffraction
peaks are broadened indicating that the cobalt-doped CdS
NPs has a nanoscale distribution. Upon doping, no addi-
tional reflections were observed up to 5 % Co doping
indicating that the cubic phase of CdS structure is not
disturbed by the cobalt substitution and there are no
impurities present in the sample. However at 10 % of
dopant concentration some extra peaks have been observed
along with characteristic peaks. The presence of the new
peaks at 28.457, 29.829 and 35.824 indicates the hexagonal
structure of CdS (Greenockite, JCPDS Card No. 41-1049).
It has been observed that the surface capping with PVP
molecule does not have any effect on the crystal structure
of CdS:Co2? nanorods. The average particle size was
calculated using Scherrer formula (Jenkins and Snyder
1996): DXRD ¼ 0:9k= bcoshð Þ where DXRD is the average
crystalline size, k is the wavelength of CuKa, b is the full
width at half maximum of the diffraction peak, and h is the
Bragg’s angle. The average particle size of uncapped
CdS:Co2? (1–5 and 10 %) and PVP-capped CdS:Co2?
(4 %) nanoparticles is found to be 7.3, 7.3, 7.8, 9.7, 11.9,
12.6 and 6.4 nm, respectively.
Structural analysis
The morphology of the uncapped and PVP-capped
CdS:Co2? (4 %) nanoparticle was studied by TEM tech-
niques. TEM images of CdS:Co2? nanoparticles shown in
Fig. 2a indicate that the particles are highly aggregated due
to the absence of capping agent. The image of NPs
establishes the reasonable uniformity of the particle size,
with spherical shape with the average size of *10 nm,
which agrees with the XRD data. Well-shaped nanorods of
CdS:Co2? with PVP capped is shown in Fig. 2b, c. This is
may be due to the assembly of the smaller size nanopar-
ticles (CdS:Co2?) by the carboxylic molecules (PVP).
From the TEM photographs, one could find that PVP is not
only controlling the particle size, but also assembling the
particles as nanorods.
FT-IR spectral analysis
FT-IR spectroscopy gives qualitative information about the
way in which the adsorbed surfactant molecules are bound
to the surface of CdS:Co2? nanoparticles. The room tem-
perature FT-IR spectra of CdS:Co2? (4 %) and PVP-cap-
ped CdS:Co2? (4 %) nanoparticles recorded in the range of
4,000–400 cm-1 is shown in Fig. 3. The absorption band
observed between 600 and 700 cm-1 is due to C–S
stretching vibration (Martin and Schaber 1982; Sun et al.
2008). The absorption band appearing at 927 cm-1 is
assigned to S–O stretching vibration. The additional weak
bands observed at 2,343 and 1,638 cm-1 are due to
microstructure formation of the sample. The absorption
band occurring at 1,110 cm-1 is due to the C–O stretching
bands. Thus, the nanoparticles include a structure con-
taining Cd–S and C–O in all samples Fig. 3a, b. A strong
band present at 1,412 cm-1 is due to stretching vibration of
sulfite. The broad absorption band centered at 3,429 cm-1
is attributed to the O–H stretching mode of H2O absorbed
on the surface of the samples. The weak and a strong
absorption peak centered at 2,360 and 1,560 cm-1 were
attributed to CO2 adsorbed on the surface of the particles.
In fact, adsorbed water and CO2 are common to all powder
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Fig. 1 Powder X-ray diffraction patterns of Co2? CdS nanoparticles
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samples exposed to the atmosphere and are more pro-
nounced for nanosized particles with high surface area. The
FT-IR spectra suggesting that doped CdS nanoparticles
were prepared with a high degree of purity. The presence
of absorption peak at 1,290 cm-1 is due to C–O which was
common in all the PVP-capped nanoparticles of the present
study. This clearly confirms that the surface of CdS:Co2?
nanoparticles were capped by PVP.
UV–Visible absorption
The absorption spectra of Co2? (1–5 and 10 %)-doped CdS
and PVP-capped CdS:Co2? nanoparticles in the range of
200–800 nm are presented in Fig. 4. The bands between
600 and 750 nm represent the tetrahedral coordination of
Co2? in CdS. Thus it can be concluded that Co2? exists in a
tetrahedral coordination. The presence of absorption band
Fig. 2 SEM photograph of
Co2? doped (4 %):CdS and
PVP capped Co2? doped
(4 %):CdS
Fig. 3 FT-IR spectrum shows
the doped CdS:Co2? (4 %) and
CdS:Co/PVP-capped
nanoparticles
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around 15,000 cm-1 (684 nm) in the visible region corre-
sponds to 4A2 Fð Þ !4 T1 Pð Þ transition of tetrahedral coor-
dination. The absorption bands in 200–350 nm wavelength
range can be assigned to the O2 ! Co2þ charge transfer
process (He et al. 2005). The absorption values of the
prepared samples were noticeably blue shifted from bulk
CdS (520 nm). The shift in the band gap with size domi-
nates the spectral changes (Nanda et al. 2000) because the
binding energy of the exciton increases with decreasing
size due to the increasing columbic overlap enforced by
spatial localization of the wave functions. This blue shift in
the optical absorption edge indicates the formation of CdS
particles in the nanometre region. This result is a direct
consequence of the quantum confinement effect associated
with smaller particle size. The estimated band gap values
for Co2? (1–5 and 10 %)-doped CdS and PVP-capped
CdS:Co2? nanoparticles corresponding to the absorption
edges are 480 nm (2.58 eV), 481 nm (2.58 eV), 484 nm
(2.56 eV), 494 nm (2.51 eV), 501 nm (2.48 eV), 504 nm
(2.46 eV), and 472 nm (2.63 eV), respectively, blue shifted
compared with the absorption edge of the bulk CdS
(512 nm).
The band gap of the nanoparticles (Egn) is calculated
using relation Egn = hc/k and the calculated values given
in Table 1. Brus (1984) showed that semiconductor nano-
particles with a particle radius significantly smaller than the
exciton Bohr radius exhibit strong size-dependent optical
properties due to the strong quantum confinement effect
(QCE):






where Eog is the energy band gap of the bulk material, R is
the radius of the nanoparticle calculated from XRD data,
1=l ¼ 1=me þ 1=mh (me and mh being the electron and
hole effective masses, respectively), e is the dielectric
constant and e is the electronic charge. Here the electron
effective mass (me), hole effective mass (mg) and the
dielectric constant (e) for CdS are 0.19 mo, 0.8 mo and
5.7 eo, respectively (Ohde et al. 2002). It is clear from
Table 1 that there is a decrease in energy band gap values
with an increase in cobalt concentration. This red shift of
the energy band gap with increasing cobalt concentration is
interpreted as mainly due to the sp–d exchange interactions
between the band electrons and the localized d electrons of
the Co2? ions substituting host ions and is consistent with
the reported results (Kumbhoikar et al. 2000), giving an
additional evidence of cobalt substitution (Singhal et al.
2010). Also the calculated particle size of the uncapped and
PVP-capped CdS:Co2? nanoparticles are in close agree-
ment with the powder XRD result.
Photoluminescence
Figure 5a, b shows the photoluminescence spectra of
CdS:Co2? (4 %) and PVP-capped CdS:Co2? (4 %) nano-
particles. The peak position of all the photoluminescence
(PL) spectra is nearly same. However, intensity is signifi-
cantly changed. A maximum PL intensity has been
observed at 4 % Co-doped CdS. Further by increasing the
doping concentration from 5 to 10 %, the PL intensity is
found to be decreased. It indicates that the 4 % of Co2? is
an optimum concentration for enhanced PL emission. The
emission bands centered at 529 and 545 nm in green
emission of Co2?-doped CdS nanoparticles, respectively.
The strong PL emission is due to the increased recombi-
nation of electrons trapped inside a sulfur vacancy with a
hole in the valence band. The present study indicates that
the luminescence properties of the capped CdS:Co2?
nanoparticles have been attributed to the surface passiv-
ation of the nanoparticles with PVP, which can also
Fig. 4 UV–Vis absorption spectra of CdS:Co Co2? (1–5 and 10 %)
and CdS:Co (4 %)/PVP-capped nanoparticles















CdS:Co2? (1 %) 2.46 504 7.3 7.3
CdS:Co2? (2 %) 2.48 501 7.3 7.3
CdS:Co2? (3 %) 2.51 494 7.8 7.8
CdS:Co2? (4 %) 2.56 484 9.7 9.7
CdS:Co2? (5 %) 2.58 481 11.9 11.9
CdS:Co2? (10 %) 2.58 480 14.6 12.6
CdS:Co2? (4 %)/
PVP
2.63 472 6.5 6.4
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minimize the surface defects and enhance the electron–hole
recombination (Paul and Nigel 2001). The present study
indicates that the role of PVP is not only used to control the
particle size but also reduce the surface defects of CdS
(Fig. 5b).
Cyclic voltammetry (CV) studies
Figure 6a, b shows the CVs of CdS and CdS:Co nano-
particles on the glassy carbon with 0.1 M LiClO4 sup-
porting electrolyte at a constant scan rate of 20 mV s-1,
respectively. As shown in Fig. 6a, three cathodic peaks
(C1, C2 and C3) and one anodic (A1) peak have been
observed at 0.60, -0.86, -1.34 and -0.68 V, respectively.
Among them C1, corresponding to the reduction of CdS
nanoparticle, appears as a modified electrode with CdS:Co
nanoparticles (Fig. 6b). C2 and C3 have been attributed to
the reduction of electrolyte. A1 is probably involved in the
oxidation of OOH produced by dissolved oxygen (Cui et al.
2004). Figure 6b shows CV curves of CdS:Co nanoparti-
cles which contain one cathodic peak at -0. 98 V (C1) and
one anodic peak at -0. 86 V (A1). Compared to the two
CV curves, CdS-modified electrode curves showed
increasing peak areas with increasing peak current than Co-
doped CdS. It dictates the increasing supercapacity
behavior of the CdS.
EPR spectral analysis
Electron paramagnetic resonance (EPR) spectroscopy is
a method for characterizing structure, dynamics and
spatial distribution of paramagnetic ions. Due to the
presence of at least one unpaired electron many para-
magnetic species are chemically active. EPR spectros-
copy is a valuable technique for obtaining detailed
information on the geometric and electronic structure of
various materials. Therefore, this technique is applied to
study the nature of doped Co2? ions in the CdS lattice.
Fig. 5 a Photoluminescence spectrum of the CdS:Co2? (1–5 and
10 %) nanoparticles (excitation wavelength = 275 nm), b PL spec-
trum of CdS:Co (4 %) with PVP-capped nanoparticles (excitation
wavelength = 283 nm)
Fig. 6 a, b CV curves of CdS and CdS:Co nanoparticles
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The EPR spectrum of the Co2?-doped CdS nanoparti-
cles is shown in Fig. 7.
Co2? ions (3d7 configuration with S = 3/2, I = 7/2) can
appear both at high-spin (S = 3/2) and at low-spin (S = 1/
2) configurations and have different characteristics in tet-
rahedral and octahedral coordination. EPR spectra and
spin-Hamiltonian parameters are well understood for high-
spin Co2? in ideal high crystal field symmetries and at the
tetragonal distortion (Bencini and Gatteschi 1982; Banci
et al. 1982). The theory for octahedral field Oh predicts that
the EPR spectrum is isotropic with g = 4.33 (Abraham and
Pryce 1951). This value markedly differs from true g-fac-
tors which are close to g = 2. This is due to considerable
excited orbital contributions and spin–orbit coupling. As a
consequence, the g-values are extremely sensitive to the
distortion of the octahedral environment and vary in the
range g = 2–9.
For high-spin Co2? in the distorted tetrahedral geome-
try, either the ±1/2 state or the ±3/2 state can be lower in
energy (Drulis et al. 1985; Pilbrow 1978). The ±1/2 state is
lower in a flattened tetrahedron, and the ±3/2 state is lower
in an elongated tetrahedron of D2d symmetry. The true g-
factors are expected in the range 2.2–2.4, whereas the g-
factors for the effective spin S0 = 1/2 varies from 2 to 6.
The low-spin Co2? complexes with S = 1/2 often
appear for the square planar and in pseudo-tetrahedral
geometry (Jenkins et al. 2002), and they are easily distin-
guished from the high-spin complexes. The g-factors are in
the range 1.5–3.3, and ground state strongly depends on the
crystal field strength, geometry and mixing of configura-
tions (Bencini and Gatteschi 1982; Daul et al. 1979). It is
clear from the above that it is possible to distinguish
between octahedral and tetrahedral complex geometry and
the spin state of Co2? considering the sum of the g-factors
only.
TG–DTA study
Thermogravimetric analysis (TGA) and differential ther-
mal analysis (DTA) have been used to study the thermal
decomposition of Co2?-doped CdS nanoparticles. The
synthesized specimens were heated from room temperature
to 800 C with a heating rate of 20 C min-1 in air
atmosphere. Figure 8 shows the combined TG–DTA
curves of 4 % Co:CdS nanoparticles. The observed mass
loss of TGA curve up to 100 C mainly corresponds to
Fig. 7 Room temperature ESR spectrum of free-surfactant 4 %
Co:CdS nanoparticles
Fig. 8 TG and DSC curves of
free-surfactant CdS:Co (4 %)
nanoparticles
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evaporation of water. In addition, the enormous mass loss
around 260–400 C indicates the removal of residual
component and organic molecules. The strong exothermic
peaks (DTA) at 347 and 399 C are probably correspond-
ing to the lattice deformation and the improvement of the
crystallinity, respectively. Additionally, above 500 C
there is a smooth downward trend is observed in the DTA
curve. This may be due to the release of sulfur ions from
the sample. Further increase in the temperature from 500 to
700 C leads to a significant mass gain on the TG curve,
due to the oxidation.
Conclusion
Co2? (1–5 and 10 %)-doped CdS nanoparticles were syn-
thesized by the chemical precipitation method and their
structural, optical and electrochemical properties were
discussed. The broad XRD pattern of all the doped samples
shows that the prepared particles were in the nanoscale
range (6–14 nm) and that the synthesized rod-like struc-
tures of CdS:Co may be used for sensor applications. The
doped Co2? ions entered in the host CdS lattice at both
octahedral and tetrahedral coordinations without disturbing
the hexagonal structure of CdS. Optical absorption and
EPR spectra also confirmed that the doped Co2? ions
occupied at octahedral and tetrahedral site symmetry. PL
spectrum showed characteristic CdS emission bands in UV
and blue regions. Optical absorption of all the doped
samples was fairly blue shifted from the bulk CdS due to
the quantum confinement effect. Thermal stability dopant
and phase change were identified by TG–DTA analysis.
The well-structured, electrochemical and optical material
might be effectively used in some optoelectronic-related
fields, for example photocatalytic and photovoltaic devices.
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